A butadiene-modified clay was prepared by ionic exchange between sodium montmorillonite and a butadiene surfactant; the butadiene surfactant was obtained from the reaction of vinylbenzyl chloride grafted polybutadiene with a tertiary amine. Nanocomposites of polystyrene, high impact polystyrene, acrylonitrile-butadiene-styrene terpolymer, poly(methyl methacrylate), polypropylene and polyethylene were prepared by melt blending this modified clay with the virgin polymers. The nanocomposites were characterized by X-ray diffraction, transmission electron microscopy, thermogravimetric analysis, cone calorimetry and the evaluation of mechanical properties. A morphological study of PBD-modified clay-polymer nanocomposites shows that all the composites are immiscible micro-composites. The consistency of the result from XRD and TEM with that of cone calorimetry indicates that the cone calorimeter must also be considered as another method to examine the bulk sample and infer if good dispersion of the clay in the polymer has been achieved. The mechanical properties of the nanocomposites prepared from different methods show that the mechanical properties are, in general, predictable based on the type of dispersion.
Experimental

Materials
The majority of chemicals used in this study, including vinylbenzyl chloride, polybutadiene (Mn=1800), benzoylperoxide (BPO), N,N-dimethylbenzylamine, inhibitor removal reagents, polystyrene (PS) (melt flow index 200 °C/5 kg, 7.5 g/10 min, Mw=230,000), high impact polystyrene (HIPS) (melt flow index 200 °C/5 kg, 6 g/10 min), poly(methyl methacrylate) (PMMA) (crystals, Mw=996,000 (GPC), inherent viscosity 1.25), polyethylene (PE) (melt flow index, 190 °C/2.16 kg, 7 g/10 min), and polypropylene (PP) (isotactic, melt flow index, 230 °C/2.16 kg, 35 g/10 min) were acquired from the Aldrich Chemical Co. Acrylonitrile-butadiene-styrene terpolymer (ABS) (Magnum 275, 230 °C/3.8 kg, 2.6 g/10 min) was provided by the Dow Chemical Company, while pristine sodium montmorillonite was provided by Southern Clay Products, Inc.
Instrumentation
Thermogravimetric analysis (TGA) was performed on a Cahn TG-131 instrument under a flowing nitrogen atmosphere at a scan rate of 10 °C/min from 20 to 600 °C. All TGA results are the average of a minimum of three determinations; temperatures are reproducible to ±3 °C, while the error bars on the fraction of nonvolatile material is ±3%. Cone calorimetry was performed using an Atlas Cone 2 instrument according ASTM E 1354-92 at an incident flux of 35 kW/m 2 or 50 kW/m 2 using a cone shaped heater. Exhaust flow was set at 24 L/s and the spark was continuous until the sample ignited. Cone samples were prepared by compression molding the sample (20-50 g) into square plaques using a heated press. Typical results from cone calorimetry are reproducible to within about ±10%. These uncertainties are based on many runs in which thousands of samples have been combusted [27] . X-ray diffraction was performed on a Rigaku Geiger Flex, 2-circle powder diffractometer; scans were taken from 2θ 0.86 to 10, step size 0.1, and scan time per step of 10 s. Bright field transmission electron microscopy (TEM) images of the composites were obtained at 60 kV with a Zeiss 10c electron microscope. The samples were ultramicrotomed with a diamond knife on Riechert-Jung Ultra-Cut E microtome at room temperature or cryogenic temperatures to give ∼70 nm thick sections. PP and PE nanocomposites were cut using cryogenic conditions. The sections were transferred from the knifeedge to 600 hexagonal mesh Cu grids. The contrast between the layered silicates and the polymer phase was sufficient for imaging, so no heavy metal staining of sections prior to imaging is required. Mechanical properties were obtained using a SINTECH 10 (Systems Integration Technology, Inc) computerized system for material testing at a crosshead speed of 0.2 inches/min. The samples were prepared both by injection molding, using an Atlas model CS 183MMX mini max molder, and by stamping from a sheet; the reported values are the average of five determinations.
Synthesis of the grafted polybutadiene
A 40 g portion of polybutadiene (PBD) (Mw=1800) was dissolved in 40 mL of cyclohexane in a 250-mL round flask equipped with a reflux condenser and a stirrer and the mixture was stirred for 5 h under nitrogen. Then a 2 g portion of BPO was added to the solution and the reaction temperature was raised to 70 °C; then 50 mL of hexane solution containing 8 g of inhibitor free vinylbenzyl chloride was slowly added to the flask over an 8 h period and the reaction was kept for an additional 2 h at 70 °C. After cooling the solvent was removed on a rotary evaporator. The residual was washed five times with 500 mL portion of acetone to remove any poly(vinylbenzyl chloride). The product was about 32 g of a colorless liquid. 1 H NMR (CDCl3, δ): 8.1-7.9 (br, 1 H), 7.6-7.4 (two br, 1 H), 7.2-6.9 (br, 2 H), 5.8-4.8 (br, 100 H), 4.6-4.4 (br, 3 H), 2.9-2.6 (br, 7 H), 2.2-1.8 (br, 195 H), 1.7-1.6 (br, 8 H), 1.5-1.3 (br, 12 H).
Synthesis of PBD cationic surfactant
A 200-mL round flask, equipped with a stirrer and condenser, was charged with 30 g of vinylbenzyl chloride grafted PBD, 20 g of N,N-dimethylbenzylamine and 50 mL of THF. The temperature was raised to 60 °C and kept at this temperature overnight under nitrogen. Half of the solvent was removed on a rotary evaporator and then 100 mL of ethyl acetate was added to the flask to precipitate the ammonium salt. The precipitation was filtered and redissolved and reprecipitated three times. After the solvent was evaporated, 28 g of a soft white soft polymer remained. 1 
The preparation of PBD-modified clay
A 100 g portion of the ammonium salt was dissolved in 500 mL of THF while 25 g of sodium montmorillonite was dispersed in 1500 mL of distilled water over 48 h. A 2000 mL portion of THF was added to the dispersed clay and vigorously stirred for 2 h, then the ammonium salt was added dropwise to the dispersed clay. A voluminous white precipitate appeared and the slurry was stirred at 40 °C for 24 h. The stirring was stopped and the precipitate was allowed to settle and the supernatant liquid was poured off and a fresh mixture of H2O and THF (15:85) was added and the slurry was heated, with stirring, for an additional 24 h at 40 °C. Finally the slurry was filtered and the precipitate was recovered and dried in a vacuum oven at 50 °C for 48 h; 269 g of clay was recovered. The sample for TGA was dried overnight at 80 °C in a vacuum oven.
Preparation of polymer-clay nanocomposites
All the nanocomposites examined in this study were prepared by melt blending in a Brabender Plasticorder at high speed (60 rpm) at 200 °C for PMMA and 190 °C for PS, HIPS, ABS, PP, and PE. The composition of each nanocomposite is calculated from the amount of clay and polymer charged to the Brabender.
Results and discussion
In order to permit the formation of an ammonium salt, an adaptation of the graft copolymerization reaction of styrene onto low molecular weigh polybutadiene was used [28] ; the reaction is shown in Scheme 1. To remove the poly(vinylbenzyl chloride), which may also be formed, the product was extensively washed with acetone. Chemical shifts in the range δ=8.2-7.2 indicate that some phenyl and benzoyl groups from the decomposition of the BPO were also grafted onto the PBD. The amount of clay used in the ionic exchange process was calculated from the NMR data, based on the ratio of methyl groups to protons on the double bond. Scheme 1. Preparation of PBD surfactant.
X-ray diffraction measurements
X-ray diffraction (XRD) is used to determine if any change in the d-spacing of the clay has occurred due to nanocomposite formation. The d-spacing of the sodium clay is about 1.2 nm and this increases to about 7.0 nm for the PBD-modified clay. If one observes an XRD peak at a higher dspacing, this is indicative of intercalation. On the other hand, the absence of an XRD peak may mean that either exfoliation has occurred or the clay is disordered. The XRD results are shown in Fig. 1, Fig.  2 , Fig. 3 , Fig. 4 , Fig. 5 , Fig. 6 for PS, HIPS, ABS, PMMA, PP and PE, respectively. Some of the data of the PS nanocomposites have been previously reported [29] and will not be included here, but comparisons between the systems will be included. For both PS and HIPS, one can see, at 5% clay, a small peak at slightly lower 2θ value. At lower levels of clay and for the other polymers, no peaks are evident. The absence of peaks at low amounts of clay may be simply a concentration effect or it may indicate that some change occurs as the amount of clay is increased. Since peaks are not seen in the majority of cases, XRD cannot be used to identify the type of morphology and transmission electron microscopy must be used to differentiate between exfoliation and disorder. 
TEM measurement
The TEM image of the PBD clay has been shown previously [29] and it shows a nano-dispersed structure in which one can see what appears to be a droplet-like structure rather than individual clay layers. In the case of polystyrene, the best dispersion was obtained by in situ polymerization and solution blending was more effective than melt blending. Melt blending of PBD clay with polystyrene did not produce a well-dispersed system; a micro-composite was obtained.
Melt blending and melt blending after solution blending were used for the preparation of HIPS nanocomposites. The TEM images of the results from these two processes are shown in Fig. 7, Fig. 8 . From the low magnification images, there does not appear to be good dispersion while in the high magnification images, individual intercalated clay layers can be seen. The TEM images of the ABS system (Fig. 9) show very poor dispersion and no individual clay layers can be seen in the high magnification image. PMMA nanocomposites were prepared at higher temperature (about 230 °C), compared to other polymer matrixes and by two different processes, the simple melt blending in which both components are charged to the blender at the same time and a process in which the PMMA is first melted in the blender, followed by the addition of the clay. The TEM image for the first process is shown in Fig. 10while that for the second is shown in Fig. 11 . In both cases, tactoids are present in the low magnification image. Fig. 10 . TEM image at low (left) and at high (right) magnification of PBD clay PMMA nanocomposite by melt blending (PMMA and clay added at the same time). Fig. 11 . TEM image at low (left) and at high (right) magnification for PBD clay PMMA nanocomposite by melt blending (PMMA added first, followed by the addition of the clay). Fig. 12, Fig. 13 show the TEM images for the PBD clay PP nanocomposites by melt and solution blending, respectively. The nano-dispersion is better for the melt blending, but tactoids are still evident and these are more clearly seen in the solution blended system. Similar results are seen for the PE nanocomposites (Fig. 14) . One must conclude that none of these systems show good dispersion; all should be categorized as micro-composites, in which the clay is acting mostly as a filler and not as a nano-dimensional phase. In other work [29] , it has been shown that better dispersion is obtained by bulk polymerization of styrene in the presence of the PBD clay. 
TGA characterization of the nanocomposites
The thermal stability of the PBD-modified clay and its nanocomposites were evaluated by TGA. The results are shown in Table 1 and include the temperature at which 10% degradation occurs (T10%), a measure of the onset of degradation; the temperature at which 50% degradation occurs, the midpoint of the degradation process (T50%); and the fraction of material which remains at 600 °C, denoted as char [30] . These results are also presented graphically for each of the polymer systems studied in Fig.  15 , Fig. 16, Fig. 17, Fig. 18, Fig. 19, Fig. 20 . As the amount of clay increases, T10% and T50% increase for all the polymers. PMMA, PS and PP show a greater increase in the onset temperature than is seen in HIPS, ABS or PE. The increase in the 50% point follows the order: PS, PMMA, HIPS > ABS, PP > PE. Based on previous work, one expects to see about a 50 °C increase in the onset temperature for PS with little or no change for the other polymers. These results are unlike those from other organically modified clays, since all polymers appear to show an increase in the onset temperature of the degradation, and further work is necessary to have the opportunity to offer any explanation. 
Cone calorimetric characterization of the nanocomposites
The various parameters that may be evaluated using cone calorimetry, including the time to ignition, tign, the heat release rate curve, especially its peak value, the peak heat release rate, PHRR and the time to PHRR, tPHRR, the mass loss rate, MLR, and the specific extinction area, SEA, a measure of the amount of smoke evolved, are tabulated in Table 2, Table 3, Table 4, Table 5, Table 6, Table 7 . It is striking that there is no change in any parameter with less than 5% clay; it must be remembered that the usual spread of values in a cone experiment is ±10%, so any change that is less than 10% is considered to be no change. When 5% clay is present, there is a measurable reduction in PHRR which exceeds the 10% value and this must be considered significant. The conclusion must be that at 5% clay there is some nanocomposite formed and this does serve to give a reduction in PHRR. In previous work, reduction in the PHRR has been seen at as low as 0.1% clay [8] . This was with a clay in which the ammonium counter ion had a molecular weight of about of 500, while this clay is about four times larger. Thus one would expect to see some change at 1% clay, but this is not seen. The time to ignition is either decreased slightly or unchanged for all polymers except PMMA, in which the time to ignition is approximately doubled. The decrease in the PHRR is much less than that expected, based on previous work, for all polymers [25] , [26] . The most reasonable explanation for these observations is that the clay is not well-dispersed throughout the polymer and that it is acting as a filler. This is in accord with the XRD and TEM results and this confirms that cone calorimetry may be used to ascertain if nano-dispersion of clay within the polymer has been achieved. TEM examines only a very small portion of the polymer and one small sample will not necessarily be representative of the whole. A new NMR method has been developed which also examines the bulk sample [31] ; cone calorimetry must also be considered as another method to examine the bulk sample and infer if good dispersion has been achieved.
There is, unfortunately, no theory as yet to explain the relationship between the reduction in PHRR and dispersion of the clay in the polymer. Until such a theory is developed, one can only state that if the reduction in PHRR is significantly lower than the best value that has been reported for that polymer nanocomposite, then there must be a substantial immiscible component to the nanocomposite. A theory is required before one can correlate the reduction in PHRR with the immiscible component.
Evaluation of mechanical properties
The mechanical properties of PBD-modified clay micro-dispersed composites are shown in Table 8 . There is no apparent trend to the data. The improvement in mechanical properties that is typically noted for nanocomposite formation [7] is not seen, another indication that the clay is not welldispersed and that it is functioning primarily as a filler. 
